Modelling of a Virtual Power Plant Using Hybrid Automata by Javaid CJ et al.
The Journal of Engineering
The 9th International Conference on Power Electronics, Machines and
Drives (PEMD 2018)
Modelling of a virtual power plant using
hybrid automata
eISSN 2051-3305
Received on 25th June 2018
Revised 13th August 2018
Accepted on 16th August 2018
E-First on 28th February 2019
doi: 10.1049/joe.2018.8161
www.ietdl.org
Chaudhry Jibran Javaid1 , Adib Allahham1, Damian Giaouris1, Simon Blake1, Phil Taylor1
1Newcastle University, UK
 E-mail: jibran.javaid@outlook.com
Abstract: Virtual power plant (VPP) is a hybrid power system with a mesh of distributed resources, local loads and storage with
both discrete and continuous variables involved. Control of such system requires advanced control schemes to make distributed
assets act together to mimic an actual power plant. Previously, to study the behaviour of such systems, complex algorithms and
modelling tools have been used but this paper proposes the use of Hybrid Automata (HA) as a convenient tool to model these
systems. To demonstrate this, HA is used to model a VPP for a research farm owned by Newcastle University as a first step to
design the control for the system.
1 Introduction
UK power system is presently dominated by conventional
generation which uses thermal energy to generate electricity. Most
of the electricity is being produced by gas, coal, and nuclear power
plants. Over the last decade, a drastic increase has been observed in
the number of renewable energy resources (RES) being injected in
transmission and distribution networks [1]. With UK's world first
ever legally binding target to reduce carbon emissions up to 80%
by 2050 [2], it is safe to assume that usage of RES would increase
even more. This provides us with more opportunities as well as
challenges at the same time, regarding their integration into the
existing electric network. The grid was meant for unidirectional
flow of electricity [3] but increased penetration of DER can cause
reverse power flow which will not only cause problems for
conventional protection schemes [4] but it may also result in
network congestions. To deal with these issues, upgradation of
current electrical and ICT infrastructure is required. It also calls for
well-designed integration strategies for RES.
Aside these threats, DERs have the capability to change the
existing grid if their benefits such as lower emission, reliability,
and never ending supply of renewable energy are fully realised.
However, the concerns are over reliable system operation and DER
market participation call for advanced control and coordination
techniques.
Virtual power plant (VPP) is one of the attractive solutions
among the pool of innovative strategies for integration of DER into
electric grid. VPP is like an Internet of energy, in which DER
coordinates with each other, exchanging data back and forward for
efficient generation. The idea of using the term ‘Virtual Power
Plant’ was first presented in [5] using the term then Virtual Utility
(VU), defined as a flexible collaboration of independent entities to
provide efficient energy demanded by consumers. Just like VU, the
theme of VPP is to aggregate different types of DER collaborating
directly with the load through demand-side response using
advanced ICT infrastructure for efficient use of generation
resources.
Hybrid Automata (HA) has been used to model complex hybrid
systems, for example in [6], use of HA to model linear hybrid
systems is proposed. Here, [7] shows how reachability analysis
techniques in automata can be used to simplify the complicated
trajectories in hybrid systems.
Complicated hybrid power systems that are forced to behave
like VPP require complicated control strategies that are difficult to
be modelled or represented using traditional methods like flow
charts. Complexity of the system grows as more DER and loads are
added to system. In our work, we will use HA to model the control
strategy of such hybrid energy systems in order to make them to
behave like a VPP. Key to this will be the ‘reachability analysis’ of
HA which can allow us to define and reach specific desired
operational states. In this first paper, the focus is on demonstrating
how HA can be used to model and control a hybrid energy system
and to study its potential to model even more complex hybrid
power systems.
This paper has a brief overview about VPP and HA in Sections
2 and 3. Section 4 explains existing structure of the farm followed
by HA model and its working, designed for the farm's VPP in
Section 5. Based on the study and simulations, the conclusion of
this research is presented in Section 6.
2 Virtual power plant
A VPP is a hybrid power system which integrates various
distributed energy production or consumption units with the help of
advanced communication technology. All the assets are steered
through a control centre. This gives us the flexibility of adapting
energy production and consumption based on external signals like
price, demand etc. It provides us with an opportunity to use smaller
generation units effectively to lower the load on the power network
especially during peak hours. It could be supported by any level of
generation, as little as few watts of capacity, from sources like
wind turbine, PV, CHP, and other generators [8]. It connects all
DER and changes their operation from passive to active. VPP
creates a reserve of energy that can be either used locally or sold to
the local electric system operator on demand to ensure grid
functionality. Although there are several DER actively involved in
VPP but from the point of common coupling to the grid, it would
appear to be one single power plant.
VPP can be defined as a cluster of distributed energy sources,
controllable loads, and storages, including renewable and non-
renewable sources, batteries, and flexible loads. All these
distributed resources collectively mimic a conventional power
plant but to do that, a well-coordinated control design is required
[9].
Basic principle on which VPP work is a lot similar to active
network concept where the behaviour of distribution networks
changes from passive to active due to induction of several DG
units. However, the scope of VPP is not just limited to active
distribution networks, its definition is much broader than active
networks. Understanding the behaviour of such hybrid system
requires an appropriate modelling framework that is suitable to
model both continuous and discrete components of VPP.
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3 Hybrid automaton
Several mathematical models have been used previously to model
relation between continuous and discrete dynamics of hybrid
system. For this research, HA is the tool to design and analyse
working of VPP. HA is a mathematical modelling tool with
graphical representation, used to precisely describe discrete control
states combined with ever-evolving continuous input variables of
an analogue plant. It provides a concrete mathematical framework,
which is primarily useful for verification and analysis of hybrid
systems [10]. While this technique was previously used to design
complex hybrid control schemes for air traffic control, UAVs,
chemical processes control, and for biomedical applications,
however, not much work is done in power systems [11]. Now the
growing trend of integrating DER in our traditional power systems,
in response to energy and environmental threats, requires detailed
control and management of DER for grid stability. To efficiently
control far-flung smaller DER in VPP, a control system is needed
that is more advanced and intuitive than traditional control
schemes. HA is designed for such hybrid systems, provides many
powerful tools, for example, ‘parallel composition’ [12], which
proves helpful in modelling complex power systems. Also, use of
‘reachability analysis’ of automata [12] helps to define acceptable
and non-acceptable operational states and the trajectories to reach
those states [13]. This helps in defining a safe working principles
to control VPP. There are many definitions of HA but here,
following definition of HA is used.
HA = (Q, X, f , Σ, Init, Inv, Dom,E, L) (1)
In above relation, Q = [Q1,Q2,…,Qn] is a finite set of discrete
states, X = [X1, X2,…, Xn] is a set of continuous states, Init refers to
initial state of system and is represented with an arrow, f t  is a
vector field assigned to every discrete state for Q, Σ is a set of
discrete input variables, Dom ⊆ Q × X × Σ defines combination of
states and input for which f is allowed. E ⊆ Q × Q is a set of edges,
also called transitions, between all discrete states and L is set of
logical statements responsible for state transitions.
Fig. 1 explains the general structure of HA with two states, Q1
and Q2. Each state has Dom of continuous inputs X1 and X2
respectively. State Q1 remains functional as long as the input falls
in its domain. When the state reaches its invariant, system shifts its
operation from Q1 to Q2 through possible transition E. 
This paper presents only a symbolic explanation and
representation of HA designed for VPP and explain working of the
system in general. Mathematical equations and working principles
for individual assets involved are beyond the scope of this paper.
4 Cockle park farm as VPP
Cockle park farm is a working farm located near Morpeth in the
North-East of England, owned by Newcastle University for multi-
disciplinary research in order to find the solutions for mainly
energy and agricultural challenges faced in rural areas. It is a
‘living lab’, combining research with economic and environmental
benefits for the farm by working with industry, NGOs and the
farming community. However, recently the farm infrastructure is
being upgraded. Fig. 2 shows the existing electrical architect of the
cockle park farm. The farm gets its supply from a feeder of 20 kV
through three 100 kVA and one 150 kVA transformer. The solid
boxes in Fig. 2 are the newly installed assets which are not yet
operational. 
In the longer term, the goal is to move the farm towards
becoming a carbon neutral test site, in a way which would be
affordable and transferrable to other farms which are not
themselves research establishments. A second goal is to manage
and upgrade the farm's electrical connection in such a way as to
benefit the DNO, the surrounding network, and its customers. To
do so, deployment of a VPP for the farm to incorporate an
appropriate power management and demand reduction scheme is
under consideration.
The proposed plan for upgradation includes installation of a
100 kVA back-to-back converter which will enable the AD to
operate at full capacity (with seasonal peaks), using mixed solid
and liquid feedstock from Cockle Park and from neighbouring farm
sources to produce bio-gas. This gas will be utilised by 80 kW
CHP unit installed at the farm. Installation of battery storage,
rooftop solar generators, and windfarm are also a part of proposed
upgrade to produce and store electricity for on-farm use and for
export to the grid whenever there is a surplus.
A demand reduction scheme implemented in conjunction with
the DNO will enable the farm load to be managed in response to
need and to support voltage constraints on the weak rural 20 kV
feeder which connects the farm to the grid.
To develop VPP for the farm, it is divided into four zones and
require new interconnectors around the farm, together with
associated control systems which enable all the above interventions
to be balanced safely and effectively so as to minimise farm energy
costs (or maximise revenue) and to reduce greenhouse emissions.
Modelling the system using HA will provide us with an
opportunity to upgrade the system model in future to accommodate
any future loads or resources added to the farm by simply adding
additional states and transitions.
In HA model of the aforementioned system, top to bottom
approach is followed by first setting up goal for VPP and then
defining states and sub-states for the system to achieve the set goal.
In this case, the goal is to produce electricity by using the available
resources at the farm to supply to local load and export up to 28 
kW to the grid.
We start by designing a generic control design for VPP in
Fig. 3. It is important to mention that for this paper, the farm VPP
is modelled using only available resources at the farm which
includes CHP and few-roof top PV panels. Adding battery storage
will provide more flexibility to the system for energy management
[14]. In future, addition of more resources like solar and wind
generators will increase the farm generation capacity to develop a
small-scale grid supporting VPP for the farm. 
5 Hybrid automata for VPP
Hybrid control design entails additional management strategies
[15]
• Mode Transition Management
• Control and/or Gating Schemes Transition Management
Fig. 1  Hybrid automata
 
Fig. 2  Schematic of supply system for cockle park farm
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5.1 Mode transition management
Mode transition management is integrated in two transient
operating modes:
(i) Grid connected
(ii) Isolated mode
If the electricity generation is not enough to export to the grid,
system operates in isolated mode to meet local demand. When
there is surplus generation, system switches to grid connected
mode to export electricity. Out of the two states, grid-connected
mode has priority however stand-alone mode is set to be initial
operating mode for safety. The HA of the system defines the
normal transitory operating states and determines the edges of the
system that VPP should follow.
States provided by HA marks the possible operating states
which are then managed by control and switching/gating schemes.
Both operating modes, grid connected and isolated, use farm's
resources or combination of resources for supply management. In
this section, only isolated mode and its states are being discussed
briefly to develop an understanding about the operation and
performance of VPP's HA model.
5.2 Control and gating schemes
In isolated mode, HA has five possible operating states
Q = [Q1,Q2,…,Q5]. Q1 − Q3 involves single or combination of
farm generation and storage units. Q4 turns on when battery storage
needs charging and Q5 is an additional state, added to the model as
a backup for the system's safety. It involves farm generation as well
as grid supply to meet farm's load demand in case of emergency.
However, it has least priority among all.
CHP being set as a primary source of supply in designed HA is
always connected to the load. This arrangement is set as initial
state Q1.
PnetQ1 = PCHP − Pload (2)
State Q2 takes supply from combination of CHP and PV generators
and state Q3 adds battery storage alongside CHP and PV
generation. Q4 can only be opted by when the batteries need
recharging. In Q4, CHP and PV are supplying to the load and
battery storage. Whereas Q5 adds grid supply instead of battery
storage to the two of the farm generators when needed.
PnetQ2 = PCHP + PPV − Pload (3)
PnetQ3 = PCHP + PPV + PBattout − Pload (4)
PnetQ4 = PCHP + PPV − PBattin − Pload (5)
PnetQ4 = PCHP + PPV + PGrid − Pload (6)
States Q1 − Q3 and Q5 reachable from each state, depending on the
conditions. General invariant for each of these state would be
Pnet < 0. System would choose either of the above states to
balance power generation with load demand. However there are
other variables involved which can be responsible for state
transitions. Those variables would involve fuel supply to CHP,
availability of solar radiation for PV and state of charge of a
battery. To monitor these parameters, parallel states are added to
the system.
System is made as such that it can only jump to State Q4
through Q1 or Q2 when farm can satisfy its own load demand and
still has surplus (Fig. 4). 
5.3 Parallel states
Aforementioned HA states are responsible for power balancing.
Monitoring inputs and outputs from the assets i.e. fuel supply from
anaerobic digester to CHP, state of charge of the battery storage
and availability of radiation for PV are essential to maintain a
reliable generation. For that purpose, parallel states are added to
the system. These parallel states monitor individual assets involved
in each state and generates internal variables or set parameters
responsible for state transitions to achieve most efficient system
operation. Each parallel state can be activated at the same time,
while remaining independent of each other [16]. The function of
parallel states can be explained with an example of state of charge
monitoring state.
5.3.1 State of charge monitor: If the system enters in state Q3, it
will remain in the state until the battery is completely depleted of
its charge. If this happens, it will affect the battery health every
time it supplies to the load. To avoid this from happening, parallel
state is added to the system to monitor battery state of charge. This
parallel state estimates the state of charge of a battery using the
relation given in (7)
SOC t + 1 = SOC t +
Pin − Pout
C (7)
Fig. 3  Cockle park farm VPP
 
Fig. 4  Structure of HA for VPP
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Parallel states are independent of main operational states but works
simultaneously with the system operational states. SOC monitoring
state is responsible for charging of batteries if its charge is depleted
and to approve discharging when system opt for state Q3.
Fig. 5 shows the output of SOC monitor in a graphical form.
For safety, the function added to this state limits the battery SOC
going down to the minimum of 25%. The graph shows the storage
changing from discharging to charging state as soon as the charge
reaches 25%. This output is fed to the states in system HA to
decide possible transition (Q3 or Q4). 
5.4 System output and results
The data used for system modelling are derived from real-time data
observed over the past year at the farm. Fig. 6a shows how the
system is changing its operating states over the year. The results
shows that farm's load demand decreases during March–October
period. On the other hand, its generation capacity increases due to
increased radiation. So the system operates in either state Q1 or
Q2. However during winter times, increased demand is observed
due to increased use of heating systems to maintain the temperature
for the life stock at the farm and system mostly operates in state Q3
and uses battery storage along with generators. 
5.5 Controller design
To design a control system based on HA, the important thing is to
decide desirable and non-desirable states. Reachability problem for
linear HA is generally undecidable however for the system such as
this, reachability is bounded to set of particular states and can be
decided. To study system's behaviour prior to its design, techniques
such as forward and backward analysis can be used [17]. Forward
analysis technique starts from the system's initial state Qx and
computes whether the state Qx + 1 is reachable from initial state in
single computation step and the process is repeated for rest of the
states (Qx + 2… Qn). The algorithm terminates if the no new state
can be reached in single computational step. This analysis marks
the reachable set of states which can be then compared with desired
performance of the system.
Backward analysis performs the similar check but in reverse
direction, starting from the set target of the system to reach initial
state.
After reachability analysis, come the design of controller. At the
top level of hybrid control structure hierarchy, the supervisory
controller is placed which then communicates with both the unit-
level regulators and the regulated plant(s) [15]. The supervisory
layer on the primary regulator has the control action which may
toggled between different controllers and update control
parameters for single or combination of regulators. Supervisory
control action on the plant itself involves including or excluding
plant's subsystem. Fig. 6 outlines the main steps involved in
supervisory hybrid control design of a system.
6 Conclusion
The paper presents the model of VPP, designed for a farm using
HA. The results show that at present, the available resources at the
farm can generate enough electricity to satisfy the farm needs.
Fig. 7 shows during summer time, farm has enough generation
capacity that it can export to the grid. Also in future, farm-
generation capacity is expected to increase with addition of wind
farm and more PVs to the system. 
Simulation and results validates the approach of using HA to
model hybrid power systems. The performance of the overall
system is a lot similar to those models designed using if-else
statements but HA provides comparatively more convenience. The
graphical representation along with mathematical model in HA
adds more ease in designing the system. The model developed here
can be easily modified to accommodate any future generators and
loads if added to the farm. This gives the ease of expandability to
HA model. Also the reachability analysis of HA gives control to
configure and reconfigure the system in accord to the changes
made in actual system. This adds flexibility to the model. These
features of HA like expandability and flexibility would prove more
useful in the modelling of more complex systems.
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